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(57) Abstract 



This invention is an energy delivery system (10) for performing myocardial revascularization on a heart of a patient (12) including 
an energy pulse source (18) that produces energy pulses sufficient to create channels in a wall of a heart (56), an energy pulse delivery 
system (20) connected to receive the pulses, and deliver the energy pulses to desired location for channels in the wall (104) of the heart. 
Also disclosed are a sensor (14) that senses a cyclical event related to the contraction, and expansion of the beating heart (56); a controller 
(16) responsive to the sensor for automatically firing the energy pulse system to provide energy to strike the beating heart only within a 
safe time period during a heart beat cycle; RF electrical (48) or laser energy pulses; a temperature sensor (22) to avoid damage caused by 
overheating heart tissue; a thermal conductivity cooling system (84); and programmable adjusting duty cycle, duration, and amplitude of 
energy pulses. 



FOR THE PURPOSES OF INFORMATION ONLY 



Codes used to identify States party to the PCX on the front pages of pamphlets publishing international applications under the PCT. 



AL 


Albania 


ES 


Spain 


LS 


Lesotho 


SI 


Slovenia 


AM 


Armenia 


FI 


Finland 


LT 


Lithuania 


SK 


Slovakia 


AT 


Austria 


FR 


France 


LU 


Luxemboni^ 


SN 


Senegal 


AU 


Australia 


GA 


Gabon 


LV 


Latvia 


SZ 


Swaziland 


AZ 


Azerbaijan 


GB 


United Kingdom 


MC 


Monaco 


TD 


Chad 


BA 


Bosnia and Henugovina 


GE 


Gcoi^ia 


MD 


Republic of Moldova 


TG 


Togo 


BB 


Barbados 


GH 


Ghana 


MG 


Madagascar 


TJ 


Tajikistan 


BE 


Belgium 


GN 


Guinea 


MK 


The former Yugoslav 


TM 


Turkmenistan 


BF 


Burkina Paso 


GR 


Greece 




Republic of Macedonia 


TR 


I'urkcy 


BG 


Bulgaria 


HU 


Hungaiy 


ML 


Mali 


TT 


Trinidad and Tobago 


BJ 


Benin 


IE 


Ireland 


MN 


Mongolia 


UA 


Ukraine 


BK 


Brazil 


IL 


Israel 


MR 


Mauritania 


UG 


Uganda 


BY 


Belarus 


IS 


Iceland 


MW 


Malawi 


US 


United States of America 


CA 


Canada 


IT 


Italy 


MX 


Mcx ico 


UZ 


Uzbekistan 


CF 


Central African Republic 


JP 


Japan 


NE 


Niger 


VN 


Viet Nam 


CG 


Congo 


KE 


Kenya 


NL 


Netherlands 


YU 


Yugoslavia 


Cli 


Switzerland 


KG 


Kyrgyzsian 


NO 


Norway 


ZW 


21imbabwe 


CI 


Cdtc d*lvoire 


KP 


Democratic People's 


NZ 


New Zealand 






CM 


Cameroon 




Republic of Korea 


PL 


Poland 






CN 


China 


KR 


Rqiublic of Korea 


PT 


Portugal 






CU 


Cuba 


KZ 


Kazakstan 


RO 


Romania 






CZ 


Czech Republic 


LC 


Saiiu Lucia 


RU 


Russian Federation 






DE 


Germany 


U 


Liechienslcin 


SD 


Sudan 






DK 


Denmark 


LK 


Sri Lanka 


SE 


Sweden 






EE 


Estonia 


LR 


Liberia 


SG 


Singapore 







wo 00/51513 



PCT/USOO/05635 



ENERGY DELIVERY SYSTEM AND METHOD FOR 
PERFORMING MYOCARDIAL REVASCUIARIZATION 

Background of the Invent: ion 

The invention relates to an energy delivery 

system for performing myocardial revascularization on a 

beating heart of a patient. 

Transmyocardial revascularization (TMR) is a 

surgical treatment for cardiovascular disease . Present TMR 

procedure is an open chest technique (thoracotomy) that uses 

a laser beam to drill holes through the myocardium, 

typically into the left ventricle. These holes or channels 

extend through the entire heart wall thickness from the 

outside through to the ventricle. The openings of the 

channels on the outside surface of the heart heal due to 

external pressure from the surgeon, but the channels are 

believed to remain open on the inside, allowing blood to 

enter the heart wall tissue from the ventricle. 

In another approach myocardial revascularization can 
be performed using a catheter introduced percutaneously so 
that the tip of the catheter is inside a chamber of the 
heart, typically the left ventricle, where the holes or 
channels can be created from the inside toward but not 
through the outside of the heart. This approach is also 
known as endocardial laser revascularization (ELR) , 
percutaneous myocardial revascularization (PMR) , and direct 
myocardial revascularization (DMR) . The channels are 
drilled with a laser beam introduced through the catheter. 

Certain problems are presented when laser 
revascularization is done on a beating heart. A beating 
heart presents a moving target, which can make it difficult 
to accurately and consistently form channels of a desired 
depth and size. The heart also is extremely sensitive to a 
laser pulse at certain times during its cycle. A laser 
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pulse striking the heart at the T time of an 
electrocardiogram (ECG) signal could cause the heart to 
fibrillate and result in heart failure. While one could 
stop the heart during the process of TMR, this poses other 
risks to the patient and complicates the operating 
procedure. The heart must be cooled and the patient 
connected to a heart -lung machine. 

However, the risk of inducing a beating heart to 
fibrillate is greatly reduced when the laser is fired only 
during the refractory period of the heart cycle between the 
R and T waves of the ECG signal. An additional benefit of 
firing the laser only between the R and T waves is that this 
is the period of the heartbeat cycle during which the heart 
is most still and channels can be formed most accurately. 
15 Rudko U.S. Patent No. 5,125,926 describes a heart-' 

synchronized pulsed laser system that fires a laser only 
during the refractory period of the heartbeat cycle. The 
patent describes an open chest procedure using an 
articulated optical arm or a fiber optic element to deliver 
2 0 the laser beam to a surface of the heart. 

Aita U.S. Patent No. 5,389,096 discloses a 
percutaneous TMR procedure in which a steerable heart 
catheter is guided from the femoral artery via the abdominal 
artery into the left ventricle. The laser energy is 
delivered through the working channel of the catheter by a 
fiber optic deliveiry system. 

WO 98/27877 and Eggers U.S. Patent No. 5,860,951 
describe using electrical current pulses delivered from 
electrodes on a catheter (for percutaneous access) or 
handpiece (for external access) to create channels in a TMR 
procedure . 

The above-referenced patents and PCT publication are 
hereby incorporated by reference in their entireties. 
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Summary of the Invention 
In one aspect, the invention features, in general, a 
heart -synchronized energy delivery system for performing 
myocardial revascularization on a beating heart of a 
5 patient. The system includes an energy pulse source that 
produces electrical pulses sufficient to create channels in 
a wall of the heart, an energy pulse source delivery system 
(e.g., a handpiece or catheter with an electrode for 
delivering the pulses to a heart wall surface) , a heart 

10 cycle sensor, and a controller that is responsive to the 
heart cycle sensor for firing the energy pulse system to 
provide energy to strike the beating heart only within a 
safe time period during a heart beat cycle. The safe time 
period is automatically determined by the controller with 

15 respect to the cyclical event. 

In another aspect, the invention features, in 
general, an energy delivery system for performing myocardial 
revascularization on a heart of a patient. The system 
includes an energy pulse source that produces electrical 

2 0 pulses and an energy pulse delivery system that includes a 
support structure that is expandable from a retracted 
position in a catheter to an expanded position in which the 
structure has portions adjacent to a plurality of locations 
on an interior surface of a wall of a chamber of the heart. 

2 5 The support structure carries a plurality of electrodes that 
deliver electrical pulses to respective locations on the 
wall of the heart to form respective channels in the wall of 
the heart . 

In another aspect, the invention features, in 
30 general, an energy delivery system for performing myocardial 
revascularization. The system includes an energy pulse 
source that produces electrical pulses, and an energy pulse 
delivery system that has an electrode for delivering the 



wo 00/51513 



PCTAJSOO/05635 



electrical pulses to a desired location for a channel in the 
wall of the heart of a patient. The system also includes an 
electromotion mechanism for advancing the electrode into the 
channel as, or shortly after but not before, the channel 
5 regions are foirmed. The mechanism also retracts the 
electrode from the channel that has been formed. 

In another aspect, the invention features, in 
general, an energy delivery system for performing myocardial 
revascularization. The system includes an energy pulse 

10 source and an energy pulse delivery system with a delivering 
end for delivering the energy pulses to desired locations 
for channels in the wall of a heart of a patient. The 
system may also include a temperature sensor sensing 
temperature of the delivery end or of the heart wall during 

15 creation of a channel, and the energy pulse source is 

responsive to the temperature in controlling the production 
of energy pulses. 

In another aspect, the invention features, in 
general, an energy delivery system for performing myocardial 

20 revascularization on a heart of a patient. The system 

includes an energy pulse source and an energy pulse delivery 
system for delivering energy pulses to create channels in a 
wall of a heart of a patient. The system also includes a 
cooling system that via thermal conductivity removes heat 

2 5 generated during creation of channels in the heart of a 
patient . 

In another aspect, the invention features, in 
general, an energy delivery system for performing myocardial 
revascularization including an energy pulse source that 
produces energy pulses sufficient to create channels in a 
wall of the heart, and an energy pulse delivery system for 
delivering the energy pulses to desired locations for 
channels in a wall of a heart. The energy pulse source 

- 4 - 
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programmably varies duty cycle, amplitude, and duration of 
the energy pulses. The flow rate of a cooling system or 
temperature of a cooling substance could also be adjusted. 
In another aspect, the invention features, in 
5 general, an energy delivery system for performing myocardial 
revascularization on a heart of a patient. The system 
includes an energy pulse source and an energy pulse delivery 
system for delivering energy pulses to create channels in a 
wall of a heart of a patient. The system also includes a 

10 sensor (e.g., an ultrasound sensor) that senses a dimension 
of the myocardium of the heart (e.g., its thickness or the 
depth of a channel being formed) , and the energy pulse 
source and the energy pulse delivery system are responsive 
to the sensor to control the formation (e.g., the depth) of 

15 the channel. 

In other aspects of the invention, the invention 
features, in general, a heart -synchronized energy delivery 
system for performing myocardial revascularization on a 
beating heart of a patient the includes a heart cycle sensor 

2 0 that senses blood pressure, ventricular contraction or 
acoustics related to ventricular contraction. Blood 
pressure measurements include ventricular, atrial, aortic, 
and pulminary artery/pulminary capillary wedge pressures. 

Particular embodiments of the invention may include 

25 one or more of the following features. The electrical 

pulses are pulses of alternating current, preferably radio 
frequency or microwave. The support structure for multiple 
electrodes is a spiral or is basket shaped. A single pulse 
or a plurality of pulses are used to create each channel, 

30 and the electromot ion mechanism advances each electrode 

between or within the pulses. The heart cycle sensor senses 
an electrical signal (e.g., a standard or local ECG signal 
or a pacemaker signal) that causes the heart to beat. The 
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safe time period is a period in which firing of the energy 
pulse system will not cause fibrillation of the heart. The 
safe time period is a period during which the heart is less 
sensitive electrically. The energy pulse system controller 
includes an operator input device (e.g., a foot actuated 
switch) that provides an activation signal to activate 
firing of the energy pulse system, and the energy pulse 
system controller fires the energy pulse system during the 
safe time period subsequent to receiving the activation 
signal. The energy pulse delivery system includes a 
handpiece having an end adapted to contact the outside 
surface of a wall of the heart. Alternatively the energy 
pulse delivery system delivers the energy pulses to an 
inside surface of a wall of the heart, via an energy 
15 conduit. The energy conduit may consist of an electrically 
conductive probe and wire connected to the probe. The probe 
may be made of beryllium copper or another conductive 
material . The wire may be constructed of kink resistant 
material such as a superelastic alloy, for example, Nitinol. 
2 0 The invention also includes methods of performing 

myocardial revascularization relating to the aspects and 
features of the invention described above. 

Embodiments of the invention may include one or more 
of the following advantages. Fibrillation is avoided by 
25 operating only within a safe time period. In addition, the 
energy pulses can be desirably applied to the heart when it 
is relatively immobile to promote accuracy. The heart cycle 
can desirably be determined by monitoring one of a variety 
of different parameters. A plurality of channels can be 
provided at one time, reducing the time of the procedure and 
stress on the patient. The delivery of energy pulses and 
the rate of advancement can or may be programmably 
controlled to provide optimal conditions and avoid thermal 
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and/or mechanical damage to the heart tissue. A temperature 
sensor can sense either the temperature of a probe or the 
temperature of tissue surrounding the channel being formed 
and the procedure can be controlled to avoid heat caused 
tissue damage. The temperature of the probe can be lowered 
and maintained using an integral cooling system and 
adjustment of energy parameters that may include amplitude, 
duration, and duty cycle. 

Other advantages and features of the invention will 
be apparent from the following description of particular 
embodiments of the invention and from the claims. 

Brief Descrip tion of the Drawings 

Fig. 1 is a block diagram of an energy delivery 
system for performing myocardial revascularization. 

Fig, 2 is a block diagram showing an RF or microwave 
energy delivery system for performing myocardial 
revascularization . 

Fig. 3 is an illustration showing a percutaneously 
introduced myocardial revascularization catheter in a 
patient's heart. 

Fig. 4 is an illustration showing an a myocardial 
revascularization catheter in a chamber of a patient's 
heart . 

Fig. 5 is a diagrammatic end view of the end of a 
myocardial revascularization catheter having a pressure 
sensing lumen. 

Figs. 5A-5D are a sectional view, perspective view, 
and elevations, respectively, showing placement of local ECG 
transducers on a myocardial revascularization catheter. 

Fig. 5E is a diagrammatic elevation of a myocardial 
revascularization catheter having a heart contraction sensor 
mounted on a catheter. 
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Fig. 5F is an end view of the Fig. 5E myocardial 
revascularization catheter in a different position. 

Figs. 5G, 5H and 51 are an elevation, side view and 
an end view, respectively, of a myocardial revascularizatior 
catheter having an ultrasound sensor. 

Fig. 6 is a diagrammatic side view of the end of a 
myocardial revascularization catheter having a temperature 
probe and internal cooling system. 

Fig. 7 is an illustration showing an RF or microwave 
myocardial handpiece in position on the outside of a 
patient ' s heart . 

Fig. 8 is an illustration showing a spiral -type 
arrangement for simultaneously creating channels in a wall 
of a patient's heart using a plurality of RF or microwave 
transmitters . 

Fig. 8A is an enlarged view of a portion of Fig. 8 
showing details of an energy conduit portion of the Fig. 8 
device . 

Fig. 9 is an illustration showing a basket -type 
arrangement for simultaneously creating channels in a wall 
of a patient's heart using a plurality of RF or microwave 
transmitters . 

Fig. 9A is an enlarged view of a portion of Fig, 9 
showing details of an energy conduit portion of the Fig. 9 
device . 

Fig. 10 is a diagram of an ECG wave useful in 
synchronizing the Fig. 1 system. 

Fig. lOA is a diagram of an acoustic amplitude 
versus time diagram useful in synchronizing the. Fig. 1 
system. 

Fig. 11 is a blood pressure versus time diagram 
useful in synchronizing the Fig. 1. system. 
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Fig. 12 is a ventricular contraction versus time 
diagram useful in synchronizing the Fig. 1 system 

Fig. 13 is an amplitude versus time diagram showing 
a synchronization pulse used in synchronizing the Fig. l 
system. 

Fig, 14 is an amplitude versus time diagram showing 
energy pulses generated in the Fig. 1 system. 

Fig. 15 is an amplitude versus time diagram 
illustrating an AC waveform used in the Fig. 14 pulses. 

Fig. 16 is a block diagram showing a temperature 
control feedback loop. 

Detailed Description of Particular Embodiments 
Referring to Fig. 1, there is shown system 10 for 
delivering energy pulses to patient 12 to perform myocardial 
revascularization on a beating heart of patient 12. System 
10 includes heart cycle sensor 14, energy pulse system 
controller 16, energy pulse source 18, energy pulse delivery 
system 20, and temperature sensor 22. Temperature sensor 22 
senses the temperature of a delivery component of energy 
pulse delivery system 20 or the temperature of the patient's 
tissue to avoid heat damage to adjacent tissue. 

Heart cycle sensor 14 can be a standard ECG monitor 
with external electrodes (see ECG diagram in Fig. 10) , a 
local ECG monitor having electrodes that directly contact 
the heart of patient 12 (see Figs. 5A-5D) , an input from a 
pacemaker that is pacing the heart of patient 12, a pressure 
sensor that senses the patient's blood pressure (e.g., a 
sensor in lumen 24, Fig. 5; see pressure diagram in Fig. 

11) , an electrical impedance, e.g., strain gauge type, 
sensor (see Figs. 5E-5F) that directly senses ventricular 
contraction (see ventricular contraction diagram in Fig. 

12) , an acoustic sensor (see Figs. 5G and 5H) that senses an 
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acoustical signal that varies as a function of ventricular 
contraction (see Fig. lOA) , or any other sensor that senses 
a cyclical event related to the contraction and expansion of 
the beating heart. 
5 Energy pulse system controller 16 receives an event 

signal 2 6 on line 28 from heart cycle sensor 14 and provides 
a synchronization signal 30 to energy pulse source 18. 
Energy pulse system controller 16 could, e.g., be of the 
type described in U.S. Patent No. 5,125,926, which is hereby 

10 incorporated by reference. Synchronization signal 3 0 could 
be a pulse, as shown, with a leading edge indicating the 
beginning of a safe period for applying energy pulses to the 
patient's heart and a trailing edge indicating the end of 
the safe period. Alternatively, two pulses could be used on 

15 one or morei lines, one indicating the beginning and one 

indicating the ending. Signal 3 0 might also merely indicate 
a beginning time, with an ending time being determined by 
some other means or technique. Energy pulse system 
controller 16 can be implemented by a host computer, a 

2 0 microprocessor, hardwired logic circuits, or some 

combination of two or all three. It can include operator 
input devices, including a keyboard, mouse, and foot 
actuated switch, as described in U.S. Patent No. 5,125,926. 

Energy pulse source 18 can be a laser firing circuit 

25 and laser, as described in U.S. Patent No. 5,125,926, a 

different type of laser firing circuit and laser (e.g., as 
described in U.S. Patent No. 5,389,096), or a source of 
another type of energy, such as electrical current pulses 
(e.g., as described in WO 9B/27877) or an AC voltage or 

30 current of a given amplitude, frequency, and duty cycle. 

Energy pulse delivery system 2 0 can include a 
catheter (e.g.. Figs. 3 and 4; see also WO 98/27877) used to 
percutaneously deliver energy pulses to an interior surface 
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of a heart wall or a handpiece (e.g.. Fig. 7 or as described 
in U.S. application 08/190,950, filed February 3, 1994, 
which is hereby incorporated by reference) to deliver pulses 
to an exterior surface of a heart wall through an incision 
in the patient's chest. Energy pulse delivery system 20 
also includes optical fibers or other optics in the case of 
laser pulses, or electrical conductors in the case of 
electrical pulses . 

Fig. 2 shows the components of energy pulse system 
32 for delivering RF or microwave electrical pulses to a 
patient's heart to create channels for myocardial 
revascularization. System 32 includes a controller 33 that 
provides a user interface (including display and input 
devices) and provides overall control for the operation of 
Che other components shown on Fig. 2; controller 33 can be 
implemented by a host computer, a microprocessor, hardwired 
logic circuits, or some combination of two or all three. In 
addition, some of the other components shown on Fig. 2 could 
be implemented by appropriate programming of the same 
computer or microprocessor, or there could be multiple 
computers for implementing controller 3 3 and/or other 
components, e.g., in a networked control environment. 
Energy pulse system controller 16 of Fig. 1 is implemented 
by signal processing circuit 34 of Fig. 2. Circuit 34 
receives an input from an ECG monitor and provides 
synchronization pulse 36 to energy source driver 38. Driver 
3 8 provides a motor control signal 37 used to control motor 
40, which advances RF or microwave probe 50 into a channel 
being formed. Driver 3 8 also provides pulse signals 42 
within safe time window 44 to frequency synthesizer 46. 
Motor control signal 3 7 could be delayed slightly with 
respect to the beginning of the delivery of energy pulses 
and could end at the same time that the energy pulses end. 
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The output 47 of frequency synthesizer . 46 is amplified at RF 
or microwave amplifier 4 8 and provided to RF or microwave 
probe 50, which could be a handpiece (for delivery to an 
exterior surface) or a catheter (for deliveiry to an interior 
5 heart surface). Probe 50 carries temperature sensor 22. 
Motor 40 and probe 50 are included in the energy pulse 
delivery system 2 0 shown in Fig. 1. 

Fig. 3 shows catheter 52 (used to deliver energy 
pulses) in the left ventricle 54 of patient's heart 56. The 

10 catheter can be directed to the heart through various access 
points in the patient's blood vessels. These include the 
typical insertion into one of the femoral arteries 58, 
antigrade insertion directly into aorta 60, subclavian 
insertion through subclavian artery 62, or transaxillary 

15 insertion through the left or right auxiliary artery 63. 

Fig. 4 shows the end of catheter 52 in the middle of 
the left ventricle (in solid lines) and in a deflected 
position contacting the enndocardial wall 66 in position to 
create a channel. As is known in the art, catheter 52 

20 includes internal wires that are controlled by actuators 
outside of the patient so as to bend and steer the end in 
the desired direction. In the embodiment shown in Fig. 4, 
catheter 52 carries energy conduit 68, which can be an RF or 
microwave delivery needle or electrode 68 with one or more 

25 electrodes at its tip for delivering RF or microwave pulses. 
If laser pulses were being delivered instead, catheter 52 
would contain internal optical fibers, and energy conduit 68 
would be terminal optics. 

Fig. 5 shows an end view of catheter 52. It is seen 

3 0 that catheter 52 has a delivery lumen 70 for energy conduit 
68 and a pressure sensing lumen 24 communicating with a 
pressure sensor. Energy conduit 6 8 is connected to be 
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advanced by motor 4 0 of Fig. 2 as a channel is created in a 
patient's heart. 

Figs. 5A-5D show catheter 200 with ECG transducers 
202, 204 for directly contacting the heart (inside or 
5 outside) and obtaining a local ECG signal for use in 

synchronization. Catheter 2 00 also includes lumen 2 06 for 
ECG wires, energy conduit 208, and a wire 210 (alternatively 
optical fibers could be used for laser pulses) for 
connection to the rest of the energy pulse delivery system. 

10 Figs. 5E-5F show catheter 212 with attachment jaws 

214, and a strain gauge 215 for measuring electrical 
impedance as a function of bending of the gauge. Gauge 214 
has end portions on the inside of each jaw and a bent 
portion therebetween. Impedance of gauge 215 changes as the 

15 gauge bends. Jaws 214 directly contact spaced portions of 
the heart wall (inside or outside) in a spaced-apart 
configuration, and they open and close as the heart wall 
expands and contracts to measure ventricular contraction. 
Catheter 212 also includes lumen 216 for strain gauge wires 

20 217, energy conduit 218, and a wire 219 (alternatively 
optical fibers could be used for laser pulses) for 
connection to the rest of .the energy pulse delivery system. 

Figs. 5G-5I show catheter 220 with ultrasound 
transducer 222 that senses a dimension of the myocardium of 

25 the heart (e.g., its thiclcness or the depth of a channel 
being formed) . The energy pulse source 18 and the energy 
pulse delivery system 2 0 are responsive to ultrasound 
measurements to control the formation (e.g., the depth) of 
the channel. Catheter 220 also includes energy conduit 228, 

30 and a wire 23 0 (alternatively optical fibers could be used 
for laser pulses) for connection to the rest of the energy 
pulse delivery system. 
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Fig. 6 diagrammatically illustrates features of an 
alternative RF or microwave catheter 74, with a portion of 
catheter shaft 76 removed at the end to expose a beryllium 
copper jacket 78 thereunder. Beryllium copper jacket 78 is 
5 used to conduct heat away from tip 8 0 of RF or microwave 
needle 82 and the patient's heart tissue surrounding a 
channel being formed (not shown in Fig. 6) . Tip 80 contains 
and RF or microwave electrode. Alternatively, other highly 
thermally conductive materials can be used for jacket 78. 

10 Jacket 78 and cathet er shaft 76 include internal water 

channels 84 that convey cooling water to draw heat from the 
end of the catheter. Tip 8 0 contains an RF or microwave 
electrode for delivering RF of microwave pulses. T ip 80 of 
RF or microwave needle 82 also carries temperature probe 86 

15 (corresponding to temperature sensor 22 in Fig. 1), Needle 
82 is connected to be advanced by motor 4 0 of Fig. 2 as a 
channel is created in a patient's heart. 

Fig. 7 shows a handpiece 90 used to direct energy 
pulses from energy conduit 92 to epicardial wall 94 (the 

20 external surface) of patient's heart 96. Energy conduit 92 
is connected to be advanced by motor 4 0 of Fig, 2 as a 
channel is created in a patient's heart. Handpiece 90 can 
be used for electrical or laser pulses. 

Figs. 8, 8A, 9, and 9A show RF or microwave 

25 catheters 12 0, 112 used to simultaneously create channels at 
an interior surface of wall 104 of a patient's heart 100, 
102. In both cases energy pulse delivery system 20 of Fig. 
1 includes a support structure 106 or 108 that is expandable 
from a retracted position (not shown) inside catheter shafts 

3 0 110, 112 to an expanded position, as shown in Figs. 8 an 9 . 
The support structures 106, 108 carry electrodes 114, 116 
(also referred to as energy conduits) for delivering RF or 
microwave pulses to respective adjacent locations on wall of 
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the heart to form respective channels in the endocardial 
surface 104 of the wall of the heart. Each electrode 114, 
116 is connected to and driven by a main connector wire (not 
shown) within the support structure. The main connector 
5 wire is attached to a motion system to advance and retract 
the connector wire. Referring to Fig. 8A, the electrode or 
energy conduit 114 and electrode wires 115, which are 
connected to the main wire, advance and retract as the main 
wire is actuated. The same arrangement is also employed for 

10 the Fig. 9 support structure, as shown in Fig. 9A. The 

respective electrodes are advanced by motor 4 0 of Fig. 2 as 
the channels are created. In Fig. 8, support structure 106 
has a spiral-like configuration- In Fig. 9, support 
structure 108 has a basket -like configuration. 

15 Figs, 10, lOA, 11 and 12 show parameters sensed by 

different types of heart cycle sensors 14 as a function of 
time; the same time scales are used for Figs. 10-14, and 
Figs. 10-12 are aligned so as to show the temporal 
relationship of the parameters. 

2 0 Fig. 10 shows waveform 12 0 provided by an ECG 

monitor. As described in U.S. Patent No. 5,125,92 6, the R 
wave is a distinctive characteristic that can be sensed. A 
safe period for applying energy pulses to create channels 
without the risk of fibrillation is between the R and T 

25 waves, and this is indicated by the synchronization pulse 36 
shown superimposed on this figure. (Another safe time 
period could be between the Q and the T waves . ) Because 
Figs. 10, lOA, 11, and 12 have their time axes aligned, safe 
periods corresponding to the period between the R and T 

30 waves shown on Fig. 10 can be determined with respect to the 
waveforms for other heart cycle parameters in Figs. lOA-12. 

Fig. lOA shows waveform 121 provided by an acoustic 

sensor. 
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Fig. 11 shows changes in blood pressure as a 
function of time during a heart beat cycle for arterial, 
ventricle and other locations. If the atrial, aortic, 
ventricular, or wedge bloods pressure were monitored, the 
5 slope feature of the wave could be used as a trigger event, 
and the safe time for directing energy pulses to the heart 
would be determined by the slope's direction and magnitude. 
For example, when the aortic slope transitions from being 
negative to positive, it is the beginning of the safe 
10 period. The end of the safe period would be the dichrotic 
notch. 

Fig. 12 shows changes in ventricle contractility as 
a function of time during a heart beat cycle. Contractility 
is sensed by electrical impedance sensors (see Figs. 5E and 

15 5F) . The slope and/or magnitude of the wave could be used 
as a trigger event, and the safe time for directing energy 
pulses to the heart would be determined by a significant 
deviation in magnitude and slope. 

Fig. 13 shows synchronization pulse 30, 36; pulse 3 6 

20 is also shown superimposed on Fig. 10 in dashed lines. 

These pulses are generated by energy pulse system controller 
16 in Fig. 1 and signal processing 34 in Fig. 2. While a 
single synchronization pulse 30, 36 is shown, other signals 
could be employed to define the beginning and end of the 

25 safe period, as discussed above with respect to 
synchronization signal 3 0 of Fig. 1. 

Fig. 14 shows pulse signals 42 generated by energy 
source driver 3 8 in Fig. 2. Similar or different signals 
could be generated by energy pulse. source 18 in Fig. 1. The 

30 pulse duration, pulse amplitude, and duty cycle for pulses 
42 are programmably variable by appropriate control of 
energy source driver 38. These parameters could 
additionally be varied in response to a monitored parameter 
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such as temperature of the RF or microwave needle or heart 
tissue. 

Energy source driver 3 8 also generates motor drive 
signal 37 (Fig. 2; not shown on Fig. 14) which controls 
motor 40, which advances the RF or microwave probe needle 
into a channel as it is being created. The beginning of 
this control signal can be slightly delayed with respect to 
the beginning of energy pulses 42, so that the probe does 
not puncture the tissue before tissue ablation by the energy 
pulses. Motor 40 (Fig. 2) is controlled to advance and 
retract the probe within the safe time period (generally 
about 100 ms) between the R and T waves in a single 
heartbeat cycle. In addition, driver 38 could be programmed 
to provide a burst that occurs as the needle is being 
15 removed from the channel to cauterize and seal the opening 
to the channel when energy pulses are applied to an 
epicardial heart surface. Also, where there might be a 
large number of energy pulses 42, the motor could be 
controlled to advance between each energy pulse, essentially 
into the channel portion that had just been created by the 
preceding energy pulse. The speed of the motor is 
programmably adjustable, and could additionally be varied in 
response to a monitored parameter such as temperature of the 
RF or microwave needle or tissue. 

Fig. 15 illustrates the alternating current nature 
of the individual pulses 4 7 generated by frequency 
synthesizer 46 (Fig. 2) in response to pulses 42 (Figs. 2, 
14. Pulses 47 could have a frequency in the kilohertz to 
terahertz range. Preferably pulses 4 7 are radio frequency 
30 or microwave pulses. While a sine wave form is shown in 
Fig, 14, other shapes, such as square or triangular wave 
form shape, can be employed. The frequency is set by the 
energy source employed by frequency synthesizer 46. Also, 
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the frequency could be programmably variable at synthesizer 
46. 

Fig. 16 illustrates a control algorithm based on 
sensed temperature 138 of the RF or microwave needle (e.g., 
by temperature probe 82; Fig. 6) or adjacent heart tissue. 
A temperature set point 140 (e.g., provided by controller 33 
based upon a user input or default condition) is provided to 
adder 142, along with sensed temperature 138. Adder 142 
which generates error signal 144, indicating the difference 
between temperature set point 14 0 and sensed temperature 
138. Error signal 144 is input to control algorithm 146, 
which then varies physical system 148 (e.g., components 18 
and 20 of Fig. 1, components 38, 40, 46, 48 and 50 of Fig. 
2, or the cooling system of Fig. 5) accordingly, so as to 
bring the sensed temperature 13 8 closer to temperature set 
point 140. For example, the temperature set point for tip 
8 0 (Fig. 6) of the RF or microwave needle could be set to 
between 40 °C and 60«>C in order to guarantee that the tissue 
surrounding the channel does not exceed a safe tissue 
temperature to avoid denaturing of DNA and proteins. As 
shown in Fig. 1, temperature sensor 22 provides an output 
used by energy pulse source 18 to control, e.g., duration, 
amplitude and/or duty cycle. In the embodiment of Fig. 2, 
the output of the temperature sensor 22 could be provided to 
controller 33, which could then use it in controlling energy 
source driver 3 8 and/or RF or microwave amplifier 48. The 
output could also be used to control the probe cooling 
system (Fig. 5) . In all cases, the adder 142 and control 
algorithm 146 can be implemented by the computer or 
microprocessor implementing controller 33 or other 
components . 

In operation, heart cycle sensor 14 (Fig. l) senses 
a cyclical event related to the contraction and expansion of 
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a patient's beating heart. Such events include the ECG or 
other events described above and in Figs, 10-12. Sensor 14 
provides event signal 26 to energy pulse system controller 
16 in Fig, 1 (signal processing 34 in Fig. 2) , which 
5 generates a synchronization pulse 3 0 or 3 6 (or pulses or 
other signals) to energy pulse source 18 (energy source 
driver 3 8 in Fig. 2) . As indicated in Fig. 10, the 
synchronization pulse 36 is in the safe time period between 
the R and T waves or within a corresponding safe time period 

10 derived from the wave forms shown in Figs, 11 and 12. 
Energy pulse source 18 provides either laser pulses, 
electrical pulses, or other energy pulses, which are then 
delivered by system 20 to the patient's heart. The energy 
pulses create channels in the wall of the patient's heart. 

15 In the embodiments shown in Figs. 8 and 9, multiple channels 
are simultaneously formed. In the other embodiments, the 
channels are formed one at a time, and a single catheter or 
handpiece is moved from one desired location to another 
until a sufficient number of channels have been formed. As 

2 0 described above, temperature of the probe or heart tissue 

can be monitored and used to control the delivery of energy 
pulses so as not to damage surrounding tissue. 

Other embodiments of the invention are within the 
scope of the appended claims. 

25 What is claimed is: 
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1 1. A heart -synchronized energy delivery system for 

2 performing myocardial revascularization on a beating heart 

3 of a patient comprising 

4 an energy pulse source that produces electrical 

5 pulses sufficient to create channels in a wall of said 

6 beating heart, 

7 an energy pulse delivery system connected to receive 

8 said electrical pulses and including an electrode for 

9 delivering said electrical pulses to a desired location for 
10 a channel in said wall of said beating heart, 

^ sensor that senses a cyclical event related to the 

12 contraction and expansion of said beating heart, and 
^3 . energy pulse system controller responsive to said 

14 sensor for firing said energy pulse system to provide energy 

15 to strike said beating heart only within a safe time period 

16 during a heart beat cycle, said safe time period being 

17 automatically determined by said controller with respect to 

18 said cyclical event. 

1 2. An energy delivery system for performing 

2 myocardial revascularization on a heart of a patient 

3 comprising 

4 an energy pulse source that produces electrical 

5 pulses sufficient to create channels in a wall of said 

6 heart , and 

7 an energy pulse delivery system connected to receive 

8 said electrical pulses from said source and including a 

9 support structure that is expandable from a retracted 

10 position to an expanded position in which said structure has 

11 portions adjacent to a plurality of locations on an interior 

12 surface of a wall of a chamber of said heart, said support 

13 structure carrying electrodes at said portions, said 

14 electrodes delivering electrical pulses to respective 
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15 locations on said wall of said heart to form respective 

16 channels in said wall of said heart. 

1 3 . An energy delivery system for performing 

2 myocardial revascularization on a heart of a patient 

3 comprising 

4 an energy pulse source that produces electrical 

5 pulses sufficient to create channels in a wall of said 

6 heart , 

.7 an energy pulse delivery system connected to receive 

8 said electrical pulses and including an electrode for 

9 delivering said electrical pulses to a desired location for 

10 a channel in said wall of said heart, and 

11 an electromotion mechanism for advancing said 

12 electrode into said channel as, or after but not before, 

13 regions of said channel are formed, said mechanism also 

14 retracting said electrode from said channel after it has 

15 been formed. 

1 4, An energy delivery system for performing 

2 myocardial revascularization on a heart of a patient 

3 comprising 

4 an energy pulse source that produces energy pulses 

5 sufficient to create channels in a wall of said heart, 

6 an energy pulse delivery system connected to receive 

7 said energy pulses and including a delivery end for 

8 delivering said energy pulses to desired locations for 

9 channels in said wall of said heart, and 

10 a temperature sensor sensing temperature of said 

11 delivery end or said heart wall during creation of a said 

12 channel, 

13 said energy pulse source being responsive to 

14 said temperature in controlling said production of energy 

15 pulses. 
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1 5 . An energy delivery system for performing 

2 myocardial revascularization on a heart of a patient 

3 comprising 

4 an energy pulse source that produces electrical 

5 pulses sufficient to create channels in a wall of said 

6 heart , 

7 an energy pulse delivery system connected to receive 

8 said energy pulses and including a delivery end for 

9 delivering said energy pulses to desired locations for 

10 channels in said wall of said heart, and 

^1 a cooling system that via thermal conductivity 

12 removes heat generated during creation of said channels. 

1 6. An energy delivery system for performing 

2 myocardial revascularization on a heart of a patient 

3 comprising 

4 an energy pulse source that produces energy pulses 

5 sufficient to create channels in a wall of said heart, and 

6 an energy pulse delivery system connected to receive 

7 said energy pulses and including a delivery end for 

8 delivering said energy pulses to desired locations for 

9 channels in said wall of said heart, 

said energy pulse source programmably varying 

11 duty cycle, amplitude, and duration of said energy pulses. 

1 7. The system of claim 1, 2, or 3 wherein said 

2 electrical pulses are pulses of alternating current. 

1 8. The system of claim 1, 2, or 3 wherein said 

2 electrical pulses are pulses of alternating current at radio 

3 frequency. 

1 9. The system of claim 1, 2, or 3 wherein said 

2 electrical pulses are pulses of alternating current at 

3 microwave frequency. 
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1 10. The system of claim 1, further comprising an 

2 electromotion mechanism for advancing said electrode into 

3 said channel as it is being formed, said mechanism advancing 

4 said electrode into new regions of said channel after the 

5 new regions have been formed. 

1 11. The system of claim 2, further comprising an 

2 electromotion mechanism for advancing said electrodes into 

3 said channels as they are being formed, said mechanism 

4 advancing said electrodes into new regions of said channels 

5 after the new regions have been formed. 

1 12. The system of claim 2 or 11 wherein said 

2 support structure is a spiral. 

1 13. The system of claim 2 or 11 wherein said 

2 support structure is basket shaped. 

1 14. The system of claim 1, 2, 3, 5, or 6 further 

2 comprising 

3 a temperature sensor sensing temperature of said 

4 delivery system or said. heart wall during creation of a said 

5 channel, and 

6 a controller responsive to said temperature to 

7 control said pulse source during said creation of a said 

8 channel . 

1 15. The system of claim 5 further comprising 

2 a temperature sensor sensing temperature of said 

3 delivery system or said heart wall during creation of a said 

4 channel , and 

5 a controller responsive to said temperature to 

6 control said cooling system. 

1 16. The system of claim 5 wherein said cooling 

2 system employs a beryllium copper member that removes heat . 

1 17. The system of claim 5 wherein said cooling 

2 system employs a fluid flow passage that employs a heat 

3 carrying liquid to remove heat. 
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1 18. The system of claim 17 further comprising 

2 a temperature sensor sensing temperature of said 

3 delivery system or said heart wall during creation of a said 

4 channel , and 

5 a controller responsive to said temperature to 

6 control the flow of said heat carrying liquid or the 

7 temperature of said heat carrying liquid in said fluid flow 

8 passage so as to control said temperature of said delivery 

9 system or heart . 

1 19. The system of claim 18 wherein said energy 

2 pulse source is responsive to said temperature sensor to 

3 programmably vary duty cycle, amplitude, and duration of 

4 said energy pulses so as to control said temperature of said 

5 delivery system or heart. 

1 20. The system of claim 1, 2, 3, 4, or 6 further 

2 comprising a cooling system that via thermal conductivity 

3 removes heat generated during creation of said channel. 

1 21. The system of claim 1 , 2 , 3 , 4 , or 6 further 

2' comprising a cooling system employing a beryllium copper 

3 member that removes heat generated during creation of said 

4 channel via thermal conductivity. 

1 22. The system of claim 1,2, 3 , 4 or 6 wherein said 

2 cooling system employs a fluid flow passage that employs a 

3 heat carrying liquid to remove heat. 

1 23. The system of claim 1, 2, 3, 4 or 6 further 

2 comprising a cooling system, and wherein said cooling system 

3 employs a fluid flow passage that employs a heat carrying 

4 liquid to remove heat, and further comprising 

5 a temperature sensor sensing temperature of said 

6 delivery system or said heart wall during creation of a said 

7 channel, and 

8 a controller responsive to said temperature to 

9 control the flow of liquid or the temperature of said heat 
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10 carrying liquid in said fluid flow passage so as to control 

11 said temperature of said delivery system or heart. 

1 24. The system of claim 2 wherein said delivery 

2 system simultaneously delivers energy pulses to said 

3 electrodes so as to simultaneously generate said channels. 

1 25. The system of claim 3, 10 or 11 wherein a 

2 plurality of said pulses are used to create each channel, 

3 and said electromotion mechanism advances each said 

4 electrode between said pulses. 

1 26. The system of claim 1, 2, 3, 4 or 5 wherein a 

2 single pulse is used to create each channel. 

1 27- The system of claim 1 wherein said sensor 

2 senses an electrical signal that causes said heart to beat. 

1 28. The system of claim 27 wherein said electrical 

2 signal is an ECG signal of said beating heart, said ECG 

3 signal including Q, R, S, and T waves. 

1 29. The system of claim 28 wherein said electrical 

2 signal is a local ECG signal, and said sensor is adapted to 

3 contact a surface of said heart. 

1 30. The system of claim 27 wherein said electrical 

2 signal is a signal indicating a pacemaker signal. 

1 31. The system of claim 1 wherein said sensor 

2 senses blood pressure . 

1 32. The system of claim 1 wherein said sensor 

2 senses ventricular contraction. 

1 33. The system of claim 1 wherein said sensor 

2 senses acoustics indicative of ventricular contraction. 

1 34. The system of claim 1 wherein said safe time 

2 period is a period in which firing of said energy, pulse 

3 system will not cause fibrillation of the heart. 

1 35, The system of claim 1 wherein said safe time 

2 period is a period during which said heart is less sensitive 

3 electrically. 
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1 36. The system of claim 1 wherein said safe time 

2 period is within a period that corresponds to the period 

3 between the R and the T wave. 

1 37. The system of claim 2 wherein said energy pulse 

2 system controller includes an operator input device that 

3 provides an activation signal to activate firing of said 

4 energy pulse system. 

1 38. The system of claim 37 wherein said energy 

2 pulse system controller fires said energy pulse system 

3 during said safe time period subsequent to receiving said 

4 activation signal. 

1 39. The system of claim 3 7 wherein said operator 

2 input device includes an operator activation switch. 

1 40. The system of claim 3 9 wherein said operator 

2 activation switch is a foot switch. 

1 41. The system of claim 1, 3, 4, 5, or 6 wherein 

2 said energy pulse delivery system delivers said energy 

3 pulses to an outside surface of a wall of said heart. 

1 42. The system of claim 1, 3, 4, 5, or 6 wherein 

2 said energy pulse delivery system includes a handpiece 

3 having an end adapted to contact the outside surface of a 

4 wall of said heart. 

1 43. The system of claim 1, 3, 4, 5, or 6 wherein 

2 said energy pulse delivery system delivers said energy 

3 pulses to an inside surface of a wall of said heart. 

1 44. The system of claim 1, 3, 4, 5, or 6 wherein 

2 said energy pulse delivery system includes an energy conduit 

3 element to deliver said energy pulses to an inside surface 

4 of a wall of said heart, 

1 45. The system of claim 4, 5, or 6 wherein said 

2 energy pulse delivery system includes an optical fiber 

3 element to deliver said energy pulses to an inside surface 

4 of a wall of said heart. 
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1 46. The system of claim 1, 3, 4, 5, or 6 wherein 

2 said energy pulse delivery system includes an electrically 

3 conductive element to deliver said energy pulses to an 

4 inside surface of a wall of said heart. 

1 47. The system of claim 4, 5 or 6 wherein said 

2 energy pulse system produces electromagnetic energy. 

1 48. The system of claim 4, 5, or 6 wherein said 

2 energy pulse system includes a laser. 

1 49. The system of claim 4, 5, or 6 wherein said 

2 energy pulses are electrical current pulses. 

1 50. The system of claim 4, 5, or 6 wherein said 

2 energy pulses are electrical current pulses of alternating 

3 current . 

1 51. The system of claim 1, 2, or 3 wherein said 

2 energy pulses are electrical pulses of alternating current 

3 at radio frequency. 

1 52. The system of claim 1, 2 , or 3 wherein said 

2 energy pulses are electrical pulses of alternating current 

3 at microwave frequency. 

1 53. The system of claim 3 wherein said energy pulse 

2 delivery system is adapted to contact the outside surface of 

3 a wall of said heart, and said energy pulse source and 
energy pulse delivery system are operated to provide one or 

5 more pulses to cauterize the opening to said channel as it 

6 is retracted, 

1 54. An energy delivery system for performing 

2 myocardial revascularization on a heart of a patient 

3 comprising 
an energy pulse source that produces energy pulses 

5 sufficient to create channels in a wall of said heart, 

6 an energy pulse delivery system connected to receive 

7 said energy pulses and including a delivery end for 



4 



4 
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8 



delivering said energy pulses to desired locations for 



9 channels in said wall of said heart, and 
^° ^ sensor that senses a dimension of said myocardium, 

said energy pulse source and said energy pulse 

12 delivery system being responsive to said sensor to control 

13 the formation of said channel . 

1 55. The system of claim 54 wherein said sensor 

2 senses thickness of the myocardium before creating said 

3 channel, said energy pulse source and said energy pulse 

4 delivery system being responsive to said sensor to control 

5 the depth of said channel . 

1 56. The system of claim 54 wherein said sensor 

2 senses the depth of a channel during the creation of said 

3 channel, said energy pulse source and said energy pulse 

4 delivery system being responsive to said sensor to control 

5 the depth of said channel . 

1 57. The system of claim 54 wherein said sensor 

2 senses thickness of the myocardium before and the depth of 

3 the channel during the creation of said channel, said energy 

4 pulse source and said energy pulse delivery system being 

5 responsive to said sensor to control the depth of said 

6 channel . 

1 58. The system of claim 54, 55, 56, 57, wherein 

2 said sensor is an ultrasound sensor. 

1 59. The system of claims 1, 2, 3, 4, 5 or 6 further 

2 comprising a sensor that senses a dimension of said 

3 myocardium, and wherein said energy pulse source and said 

4 energy pulse delivery system are responsive to said sensor 

5 to control the formation of said channel . 

1 60. A heart -synchronized energy delivery system for 

2 performing myocardial revascularization on a beating heart 

3 of a patient comprising: 



- 28 - 



wo 00/51513 



PCT/USOO/05635 



4 an energy pulse system that produces energy pulses 

5 sufficient to create channels in a wall of said beating 

6 heart,. 

7 a sensor that senses a cyclical event related to the 

8 contraction and expansion of said beating heart, said sensor 

9 being adapted to contact a surface of said heart and sensing 

10 a local ECG signal including R, and T waves, and 

energy pulse system controller responsive to said 

12 sensor for firing said energy pulse system to provide energy 

13 to strike said beating heart only within a safe time period 

14 during a heart beat cycle, said safe time period being 

15 automatically determined by said controller with respect to 

16 said cyclical event. 

1 61. A heart -synchronized energy delivery system for 

2 performing. myocardial revascularization on a beating heart 

3 of a patient comprising: 

4 an energy pulse system that produces energy pulses 

5 sufficient to create channels in a wall of said beating 

6 heart, 

7 a sensor that senses a cyclical event related to the 

8 contraction and expansion of said beating heart, said sensor 

9 sensing blood pressure, and 

energy pulse system controller responsive to said 

11 sensor for firing said energy pulse system to provide energy 

12 to strike said beating heart only within a safe time period 

13 during a heart beat cycle, said safe time period being 

14 . automatically determined by said controller with respect to 

15 said cyclical event, 

1 62. A heart -synchronized energy delivery system for 

2 performing myocardial revascularization on a beating heart 

3 of a patient comprising: 
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4 an energy pulse system that produces energy pulses 

5 sufficient to create channels in a wall of said beating 

6 heart, 

7 a sensor that senses a cyclical event related to the 

8 contraction and expansion of said beating heart, said sensor 

9 sensing ventricular contraction, and 

10 energy pulse system controller responsive to said 

11 sensor for firing said energy pulse system to provide energy 

12 to strike said beating heart only within a safe time period 

13 during a heart beat cycle, said safe time period being 

14 automatically determined by said controller with respect to 

15 said cyclical event. 

1 63. A heart -synchronized energy delivery system for 

2 performing myocardial revascularization on a beating heart 

3 of a patient comprising: 

4 an energy pulse system that produces energy pulses 

5 sufficient to create channels in a wall of said beating 

6 heart , 

7 a sensor that senses a cyclical event related to the 

8 contraction and expansion of said beating heart, said sensor 

9 sensing acoustics indicative of ventricular contraction, and 

10 an energy pulse system controller responsive to said 

11 sensor for firing said energy pulse system to provide energy 

12 to strike said beating heart only within a safe time period 

13 during a heart beat cycle, said safe time period being 

14 automatically determined by said controller with respect to 

15 said cyclical event. 

1 64. The system of claim 60, 61, 62 or 63 wherein 

2 said safe time period is within a period that corresponds to 

3 the period between the R and the T wave. 

1 65. The system of claim 1, 2, 3, 4, or 6 further 

2 comprising a cooling system employing a highly thermally 
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conductive member that removes heat generated during 
creation of said channel via thermal conductivity. 
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